We have measured hard x-ray photoemission spectra of pure vanadium sesquioxide (V 2 O 3 ) across its metal-insulator transition. We show that, in the metallic phase, a clear correlation exists between the shakedown satellites observed in the vanadium 2p and 3p core-level spectra and the coherent peak measured at the Fermi level. Comparing experimental results and dynamical mean-field theory calculations, we estimate the Hubbard energy U in V 2 O 3 (4:20 0:05 eV). From our bulk-sensitive photoemission spectra we infer the existence of a critical probing depth for investigating electronic properties in strongly correlated solids. DOI: 10.1103/PhysRevLett.97.116401 PACS numbers: 71.27.+a, 71.30.+h The understanding of how electrons behave and interact in a solid is one of the major challenges in solid state physics. Electron correlations play a major role in determining many exotic properties of solid systems, such as superconductivity and colossal magnetoresistance. A remarkable example is the Mott metal-to-insulator transition (MIT) in transition metal oxides (TMO), whose occurrence depends on the competition between itinerancy and correlation of electrons. The Mott-Hubbard theory describes the MIT via a reduction of the parameter W=U [1, 2] , where W is the bandwidth and the Hubbard energy U is the effective on-site repulsion. However, metals in the strongly correlated regime (i.e., W=U close to the critical ratio associated with the MIT) display a richer excitation spectrum: Hubbard bands (albeit broadened) are observed at high energies [3] , while low-energy quasiparticle states are present close to the Fermi energy E F . Over the last decade, the dynamical mean-field theory (DMFT) has successfully described in a unified approach both the electron-electron interaction and the density of states effects across the MIT [4, 5] , the coexistence of Hubbard bands and quasiparticle features being one of its foremost predictions [6] . On the experimental side, photoemission spectroscopy (PES) is the technique best suited to directly reveal this coexistence, but reliable comparisons between DMFT and PES data across the MIT are rare: this is mainly due to the lack of bulk-sensitive PES experiments.
We have measured hard x-ray photoemission spectra of pure vanadium sesquioxide (V 2 O 3 ) across its metal-insulator transition. We show that, in the metallic phase, a clear correlation exists between the shakedown satellites observed in the vanadium 2p and 3p core-level spectra and the coherent peak measured at the Fermi level. Comparing experimental results and dynamical mean-field theory calculations, we estimate the Hubbard energy U in V 2 O 3 (4:20 0:05 eV). From our bulk-sensitive photoemission spectra we infer the existence of a critical probing depth for investigating electronic properties in strongly correlated solids. The understanding of how electrons behave and interact in a solid is one of the major challenges in solid state physics. Electron correlations play a major role in determining many exotic properties of solid systems, such as superconductivity and colossal magnetoresistance. A remarkable example is the Mott metal-to-insulator transition (MIT) in transition metal oxides (TMO), whose occurrence depends on the competition between itinerancy and correlation of electrons. The Mott-Hubbard theory describes the MIT via a reduction of the parameter W=U [1, 2] , where W is the bandwidth and the Hubbard energy U is the effective on-site repulsion. However, metals in the strongly correlated regime (i.e., W=U close to the critical ratio associated with the MIT) display a richer excitation spectrum: Hubbard bands (albeit broadened) are observed at high energies [3] , while low-energy quasiparticle states are present close to the Fermi energy E F . Over the last decade, the dynamical mean-field theory (DMFT) has successfully described in a unified approach both the electron-electron interaction and the density of states effects across the MIT [4, 5] , the coexistence of Hubbard bands and quasiparticle features being one of its foremost predictions [6] . On the experimental side, photoemission spectroscopy (PES) is the technique best suited to directly reveal this coexistence, but reliable comparisons between DMFT and PES data across the MIT are rare: this is mainly due to the lack of bulk-sensitive PES experiments.
Vanadium sesquioxide, V 2 O 3 is a paradigmatic example of a Mott-Hubbard system: its phase diagram presents a Mott transition as a function of either temperature, pressure or doping [2] . At ambient temperature and pressure, pure V 2 O 3 crystallizes in the -corundum structure and undergoes a first order transition at 150 K, passing from the paramagnetic metallic (PM) phase to the antiferromagnetic insulating (AFI) phase, with monoclinic structure. The MIT is destructive in pure V 2 O 3 , due to the large volume increase, and can result in the sample turning to powder. In general, the surface preparation of V 2 O 3 substantially alters its chemical and structural properties [7] . The lowenergy quasiparticle features of V 2 O 3 in the PM phase have been identified recently thanks to the increased bulk sensitivity obtained by PES in the soft x-ray regime, but the experimental width and the weight between coherent and incoherent intensity are not well reproduced by the theory [8] , and still a large spread exists in the estimated values of the Hubbard U correlation term [9] .
Furthermore, the recent use of hard X-ray photoemission (HAXPES) has revealed the existence of sharp satellite structures in core-level spectra of 3d TMO, including the case of V 1:98 Cr 0:02 O 3 . These features, known as shakedown satellites or well-screened peaks in 4f and 4d systems [10, 11] , are practically absent in soft x-ray PES from 3d-based TMO, thus suggesting a significant change in the screening mechanism between surface and volume [12 -15] . The theoretical description of HAXPES data, based on (i) the combination between local and nonlocal screening and (ii) the presence of quasiparticle peaks at E F , is still under debate [16, 17] .
Although bulk sensitivity has been the common parameter to obtain new insight into the physics of V 2 O 3 , and Mott-Hubbard systems in general, the link between corelevel satellites and states at E F has, so far, little experimental support [17] . To address this point, we have performed HAXPES on pure V 2 O 3 single crystals using a photon energy of @! 5:95 keV, able to enhance the depth sensitivity of the measurements up to 150
A of information depth [18] . We have modeled, via LDA DMFT calculations, the transfer of spectral weight observed across the MIT in the valence band region, obtaining a satisfactory agreement with experimental data and a quantitative estimate of the Hubbard U correlation term. We show that a clear relationship exists between the coherent peak measured near E F and the sharp satellites observed in the vanadium 2p core-level spectra, both features pertaining to the metallic phase only. Our results suggest the existence of a minimal probing depth for investigating bulk electronic properties in strongly correlated solids.
Well-annealed single crystals of V 2 O 3 , oriented to have their cleavage plane perpendicular to the (0001) axis, were grown at Purdue University [19] and characterized by x-ray diffraction and SQUID measurements. HAXPES measurements were performed using a dedicated setup [20] installed on the ID16 beam line of the ESRF synchrotron radiation source. The x-ray spot size was 50 120 m 2 and the overall energy resolution (photons analyzer) was set to either 250 meV, for valence band spectra, or 450 meV, for core levels. When not specified otherwise, we present data obtained on samples cleaved in air and immediately inserted in vacuum. Identical results have been obtained consistently on several samples.
In Fig. 1 we present valence band spectra compared to DMFT calculations [4, 21] . Raw data in panel (a) show a well-defined coherent peak at E F in the PM phase, together with an incoherent band centered at around 1.5 eV binding energy [22] . When lowering the temperature to 140 K (AFI phase) the coherent peak disappears, its intensity being transferred to a broad band extending from 0.5 to 2.0 eV. Moreover, we observe the opening of a gap of 220 20 meV. We have carried out the calculations for various values of the interacting parameter U, finding that U 4:2 eV provides the best simultaneous description of the three phases observed in V 2 O 3 , i.e., paramagnetic metal, paramagnetic insulator (not reported here) and antiferromagnetic insulator. The value of the screened Coulomb interaction depends on the choice of local orbitals and a basis set. However, once the latter are fixed, the value of U can be adjusted to insure good agreement with one or more experimental data and the precision of such determination of U can be estimated. In our case we aimed for a consistent physical picture of all phases of V 2 O 3 and concluded that U 4:20 0:05 eV. The calculated value of the gap obtained in the AFI phase is about 0.65 eV, in good agreement with optical measurement [7] . Values of U larger than 4.2 eV result in an increased AFI gap and in the opening of a gap also for the structure corresponding to the PM phase. Panels (b) and (c) show LDA DMFT calculations obtained with U 4:2 eV convoluted with a Gaussian broadening (FWHM 0:25 eV in the PM phase) to account for the finite energy resolution. In the PM phase (panel b) the agreement is remarkably good, the calculation matching simultaneously the ratio between coherent and incoherent parts as well as their location on the energy scale. In the calculations, the change in intensity of the coherent peak in the metallic phase, when temperature is varied from 400 to 1200 K, was found to be less than 10%. This confirms the observed temperature independent behavior of the core-level satellites in Fig. 2(b) , when approaching the MIT temperature. In the AFI phase (panel c), calculations give the correct energy position of the intensity maximum and the value of the experimental gap is well reproduced. The intensity at the leading edge close to E F can be matched better by increasing the broadening to 0.6 eV, but the agreement remains qualitative at higher binding energies. One notices that the experimental intensity spreads over a larger bandwidth than in DMFT calculations. The larger experimental width may partly justify the disagreement, in terms of intensity, between experimental and calculated AFI spectrum. At present, we have no explanation for such difference.
Panel (a) of Fig. 2 shows the V 2p core-level spectra in the PM and AFI phases. In the PM spectrum, each spinorbit split partner displays a shakedown, or well-screened, satellite peak, placed at 512.4 eV (2p 3=2 ) and 520.4 eV (2p 1=2 ) of binding energy. The energy separation between the satellite and the main peak E sdM is 3:25 0:10 eV for the 2p 3=2 , and 3:00 0:20 eV for 2p 1=2 . The main features of the spectra agree with previous data obtained on V 1:98 Cr 0:02 O 3 in the HAXPES regime [13] . The clear separation between main peak and satellite, a special feature of HAXPES measurements not observed in conventional surface sensitive XPS [23, 24] , allows us to estimate the transfer of spectral weight across the MIT. The integrated intensity of the difference curve (blue circles in panel a) averages to zero, within the error bar. In panel b), the 2p 3=2 shakedown feature displays a constant spectral weight vs T and disappears abruptly when the MIT takes place at 150 K, leaving the 2p spectrum almost featureless, with only a small shoulder on the low-energy side of the 2p 3=2 spectrum. A similar transfer of spectral weight is found at the shallower V 3p core-level (panel c) and a satellite peak is clearly visible on the low-energy side, at 38.3 eV binding energy.
Shakedown satellites are caused by a more efficient channel for screening the core hole, expressing the extra (attractive) interaction between the core-hole and d electrons in the final state of the photoionization process [25] . Recently, the presence and the evolution of shakedown satellites in the 4d PES spectra of ruthenates have been explained in terms of a Mott-Hubbard picture within a DMFT approach [17] . In the insulating phase, the (downward) shift in energy of the shakedown satellite with respect to the main line was estimated to be Q ÿ U in the ''atomic'' limit W=U ! 0. In this expression, ÿQ (Q > 0) is the attractive interaction between the corehole and a d electron. We have generalized the analysis of Ref. [17] , where particle-hole symmetry was assumed. This leads to an estimate of the energy shift of the shakedown satellite which reads: Fig. 2(a) ]. In this expression, " d is the nominal position of the effective atomic d level counted from the Fermi level (" d < 0), which can be taken as the center of gravity of the lower Hubbard band. The states entering the screening process of the core hole now involve the quasiparticle resonance at the Fermi level. This sets a theoretical basis for the common origin of the shakedown satellite and of the quasiparticle resonance at the Fermi level that, as shown below, we experimentally observe in the metallic phase. Figure 3 compares the intensity of the V 2p 3=2 shakedown satellite and of the corresponding quasiparticle peaks (inset) for two sample preparations, measured at room temperature (PM phase). Sample 1, obtained by cleaving, is characterized by a macroscopically flat surface area. Sample 2, mechanically scraped, displays an increased roughness over the whole surface. Figure 3 shows unambiguously that the presence of the core-level satellites is directly related to the valence band coherent peaks, and that macroscopic imperfections (sample 2) depress both the satellite intensity and the coherent intensity at E F . When the coherent peak is present, a transfer of spectral weight occurs at the MIT in both valence band (gap opening) and core-level spectra. Scraped samples do not display any gap opening, and coherent intensity is suppressed both at E F and at the core level. Shakedown intensities have been already reported in the soft x-ray regime for correlated systems, such as ruthenates and cerium compounds [10, 11] . However, the intense shakedown satellites so clearly observed in HAXPES of 3d TMOs appear at best as weak shoulders in lower energy PES experiments [12 -15] . The main difference between the two experiments is the probing depth. If one defines the information depth as the thickness from which 90% of the PES signal originates, HAXPES reaches 150 -200 Å at 6 keV kinetic energy, to be compared with 5-10 Å and <30
A of ultraviolet photoemission spectroscopy (UPS) and x-ray photoemission spectroscopy (XPS) regimes, respectively [18] . Moreover, as shown in Fig. 3 , the perturbation of the electronic properties due to a macroscopic roughness of the surface propagates so deeply into the solid that even HAXPES results can be affected. The depth sensitivity argument nicely matches recent valence band results obtained on V 2 O 3 with soft x rays [8] , where a clear coherent peak has been measured. At the same time, authors stress the role of surface inhomogeneities and the importance of using a small photon spot, thus corroborating the hypothesis that sample topography has a strong influence on electron correlation. Therefore, we are dealing with two distinct aspects: surface quality and probing depth. As expected, the larger probing depth at high kinetic energies relaxes some constraints on surface preparation, but, surprisingly, HAXPES spectra look different with respect to both XPS or UPS, revealing clear coherent peaks, no matter how perfect is the surface. Although further investigation is needed, HAXPES results suggest the presence of a minimum distance from the surface, or effective depth, before the truly electronic properties of the sample can be probed by PES.
In summary, thanks to the enhanced bulk sensitivity of HAXPES measurements on V 2 O 3 , we establish a clear relationship between the coherent intensity at E F and the shakedown satellites of the core levels. The experimental ratio between coherent and incoherent intensity in the metallic phase is in good agreement with DMFT calculations, showing that a realistic value of the Hubbard U correlation term in pure V 2 O 3 is 4:20 0:05 eV. The present observation sets, in the case of V 2 O 3 , the frame for a complete theoretical description and confirms the remarkable change of the screening properties in strongly correlated systems when going from the surface to the volume.
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